ABSTRACT. Right ventricle (RV)-pulmonary artery (PA) valved conduit (RPVC) implantation decreases RV systolic pressure in pulmonic stenosis (PS) by forming a bypass route between the RV and the PA. The present study evaluates valved conduits derived from canine aortae in a canine model of PS produced by pulmonary artery banding (PAB). Pulmonary stenosis was elicited using PAB in 10 conditioned beagles aged 8 months. Twelve weeks after PAB, the dogs were assigned to one group that did not undergo surgical intervention and another that underwent RPVC using denacol-treated canine aortic valved grafts (PAB+RPVC). Twelve weeks later, the rate of change in the RV-PA systolic pressure gradient was significantly decreased in the PAB+RPVC, compared with the PAB group (60.5  16.7% vs. 108.9  22.9%; p<0.01). In addition, the end-diastolic RV free wall thickness (RVFWd) was significantly reduced in the PAB+RPVC, compared with the PAB group (8.2  0.2 vs. 9.4  0.7 mm; p<0.05). Thereafter, regurgitation was not evident beyond the conduit valve and the decrease in RV pressure overload induced by RPVC was confirmed. The present results indicate that RPVC can be performed under a beating heart without cardiopulmonary bypass and adapted to dogs with various types of PS, including "supra valvular" PS or PS accompanied by dysplasia of the pulmonary valve. Therefore, we consider that this method is useful for treating PS in small animals. KEY WORDS: angiocardiography, echocardiography, pulmonary artery banding, pulmonic stenosis, valved conduit.
Pulmonic stenosis (PS) is a relatively frequent congenital narrowing of the right ventricular outflow tract that occurs in about 0.1% of all dogs [10] . The three types of PS are supravalvular, subvalvular and infundibular, and the most frequent type in dogs is valvular dysplasia [11] . The obstruction causes increased resistance to right ventricle (RV) systolic outflow and a proportional increase in RV systolic pressure. The increase in systolic wall stress (tension) stimulates concentric muscular hypertrophy of the RV wall [34] . Doppler echocardiography can noninvasively identify and determine the severity of PS. Dogs with resting pressure gradients of > 80 mm Hg on echocardiograms between RV and pulmonary artery (PA) are at increased risk for syncope, congestive heart failure or sudden death, and surgical intervention is usually recommended [11, 14, 26, 36] . Strategies for treating severe pulmonic stenosis include pulmonary valvulotomy or valvulectomy [13] , transventricular pulmonic dilation valvuloplasty [9] , closed patch-graft valvuloplasty [4, 33] , open patch-graft valvuloplasty [19] and balloon dilation valvuloplasty [5, 7, 20, 21, 30] . Although patch-graft valvuloplasty is an effective radical treatment for PS, circulation arrest time is limited using inflow occlusion [27] and cardiopulmonary bypass (CPB) is necessary for cardioplegic arrest [26] . On the other hand, although balloon dilation valvuloplasty is a popular strategy, the results in dogs with PS accompanied by dysplasia of the pulmonic annulus and main pulmonary artery are inferior to those obtained in dogs with PS alone [7] . The present study examines the effectiveness of RV-PA valved conduit (RPVC) implantation to overcome the disadvantages of current procedures. Implantation with the RPVC decreases RV systolic pressure by forming a bypass and the procedure is less invasive because it can be performed under the beating heart. A bioprosthetic valved conduit has been used for RVOT reconstruction in human infants [1] . A PAto-PA anastomosis with supravalvular PS and a RV-to-PA anastomosis of Dacron non-valved conduits with valvular PS have been performed [6, 12] , but the valved conduit cannot be used to treat PS in the clinical setting. The present study evaluates the applicability of a valved conduit derived from the canine aorta in a canine model of PS.
MATERIALS AND METHODS
Six male and 4 female conditioned beagles aged 8 months and weighing 8.4  1.1 kg (mean  S.D.) underwent blood tests, electrocardiography, radiography and echocardiography and all findings were within accepted normal limits. The dogs were housed in individual runs during the study under an ambient temperature of 22-23C and 40-50% relative humidity, and fed with a balanced maintenance diet and water ad libitum. During all phases of this study, the dogs were handled and cared for in accordance with the standards established by Tokyo University of Agriculture and Technology (TUAT) as described in their "Guide for the Care and Use of Laboratory Animals". In addition, this study was approved by the animal experimental committee of TUAT (the acceptance number was No. .
Pulmonary artery banding (PAB): Pre-anesthetic intravenous (i.v.) medication (atropine sulfate 0.04 mg/kg subcutaneously (s.c.), midazolam 0.2 mg/kg i.v. and butorphanol tartrate 0.2 mg/kg i.v.), and prophylactic antibiotics (ampicillin sodium, 50 mg/kg i.v.) were administered. Oxygen was administered via a face mask, and anesthesia was induced using propofol (3-6 mg/kg i.v.) for intubation and maintained with isofluorane in oxygen. Suxamethonium chloride (0.2 mg/kg i.v.) was administered intermittently and respiration was controlled with intermittent positive pressure ventilation. Following heparinization (heparin sodium 100 IU/kg i.v.), a Berman balloon catheter (5Fr, Arrow International Inc., Los Angeles, U.S.A.) was placed into the RV for angiography and pressure monitoring. After a median sternotomy was completed, the pericardium was incised and a pericardial cradle was created to adequately expose the RV outflow tract and the main pulmonary artery (MPA). The MPA was isolated, and polyester tape (3.3 mm wide) was passed around the pulmonary artery just distal to the pulmonary valve ( Fig. 1A and B) . The tape was gradually tightened until the transverse area of MPA was reduced to 70% of the original size (Fig. 1C) , and then the tape was fixed at two points with a 3-0 nylon suture (Fig. 1D) . The pericardium was closed, a chest drain tube was set in place and the thoracotomy was closed.
Preparation of bioprosthetic valved conduit: The canine aorta homograft was procured from beagle or mongrel dogs (weighted 11-14 kg) after euthanasia in public agency for other reasons, and aortae with abnormal macropathology were excluded from the present study. Aortae including the aortic valves were dissected under sterile conditions and excess tissue was trimmed. Both left and right coronary arterial orifices were ligated with 3-0 polypropylene (Prolene; Ethicon, New Brunswick, U.S.A.). Grafts were stored in 50% ethanol and then fixed as follows:
1. 4% Denacol (EX-313; Nagase Chemicals Ltd., Osaka, Japan) for 2 days at room temperature. 2. Flushing with pure water for 1 day at room temperature. 3. Heparin sodium (1%) for 1 hr at room temperature.
The aortic arch was fixed, dissected ( Fig. 2A) and sutured below the aortic valve with polypropylene (Figs. 2B and 3A). The outer diameter of the aortic valvular annulus was 11.5  1.5 mm (9.0-13.0 mm). A bent and beveled polypropylene tube (6 and 8 mm inside and outside diameter; length, 4.0-4.5 cm), and low porous polytetrafluoroethylene (PTFE) fabric 1.65 mm thick (Bard PTFE felt; IMPRA Inc., Arizona, U.S.A.) were applied to the graft (Figs. 2C and 3). The PTFE felt was continuously sutured to a conduit on the RV wall using 5-0 polypropylene. The completed conduits were 7.1  1.1  2.8  0.5 cm (height  width). The internal long and short diameters of the distal conduit were 1.0  0.1 and 0.8  0.1 cm. After these procedures, grafts were stored in 30% ethanol and rehydrated in 0.9% saline for 48 hr before implantation.
Implantation of RPVC: Ten dogs underwent PAB and then 12 weeks later were assigned to PAB (n=5) or PAB+RPVC (n=5) groups. Dogs in the PAB group received no treatment throughout the experimental period, whereas the PAB+RPVC group underwent RPVC. The anesthetic and premedication protocol was the same as that applied during the PAB operation. Left intercostal thoracotomy proceeded through the 4th intercostal space, and the adhesion between the chest wall and lung was separated. The pericardium was then opened to expose the right outflow tract and a buttressed mattress suture was temporarily positioned using 1-0 braided silk. The poststenotic dilatation was isolated from its connective tissue envelope and the MPA was gently retracted with two sutures. A partially occluding vascular clamp was placed on the isolated MPA and a longitudinal incision was created to accommodate the circumference of the graft. An end-to-side anastomosis between the valved conduit and MPA was constructed using a 5-0 polypropylene running suture. The conduit was declamped and air was evacuated from the conduit. The anastomosis was completed, the partial occluding clamp was slowly removed from the MPA and then an incision was made in the RV using a scalpel. A 6-mm-diameter aortic punch was introduced over this incision into the left ventricle to cut a round hole for the conduit tube, which was then fixed with a 5-0 polypropylene running suture between the PTFE felt and the RV wall (Fig. 3) . After the suture lines were examined for hemorrhage, a drainage tube was positioned in the chest and the thoracotomy was closed. Postoperative blood pressure was monitored to maintain the noninvasive mean arterial blood pressure above 60 mmHg and dopamine and lidocaine were administered when necessary. Supplemental oxygen was administered in the intensive care unit after the endotracheal tube was removed. Vertebral heart size (VHS) was measured on thoracic radiographs as described [15] . Briefly, the long and short axes of the heart were measured in left lateral radiographic views. The total length of the two axes is described as the number of thoracic vertebrae starting at the cranial edge of T4. The cardiothoracic ratio (CTR) was calculated as the ratio of the maximal distance between the median line and the cardiac silhouette to the distance between the median line and the maximal internal margins of the ribs.
On echocardiography, peak blood flow velocity of the pulmonary artery was measured in the right parasternal short axis view at the level of the aortic valve using continuous wave Doppler and pressure gradients were calculated using the modified Bernoulli equation. The end-diastolic RV free wall thickness (RVFWd), end-diastolic and the end-systolic RV internal area (RVIAd and RVIAs, respectively) were measured in the apical four chamber view from the left parasternum. The RV cavity cross-sectional area was measured by tracing the endocardial border from the tricuspid annular plane to the apex at end-systole and enddiastole [16, 17, 31] . The stroke volume through pulmonary valve (Qp) and from left ventricle (LVSV), and the flow volume from the RV into the MPA through the conduit were calculated by multiplying the velocity time integral by the area of the vessel or annulus approximating a circle [2] .
Flow into the conduit 12 weeks after RPVC was assessed by angiocardiography.
Statistical analysis: Values are expressed as means  S.D. Differences between the PAB and PAB+RPVC groups were analyzed using unpaired t-tests. On the other hand, differences between before and after RPVC were analyzed using paired t-tests. Differences were considered statistically significant at p<0.05. 
RESULTS
All dogs survived the PAB and RPVC procedures. The thoracic drain was removed 2 or 3 days after the surgery, except for one dog that developed pleural effusion for 2 weeks after PAB. Although two dogs in the PAB group developed ascites, and the other showed no clinical signs during the observation period. One dog in the PAB+RPVC group died of intrathoracic hemorrhage at 3 weeks after RPVC. However, blood flow into the conduit was maintained and echocardiography showed that the valve was functional. The conduit remained patent and occlusion was not evident at necropsy. In addition, thrombi were not found in the polypropylene tube, PTFE felt, valvular area or at the anastomosis to the MPA.
Thoracic radiography showed that the VHS and CTR did not significantly differ before and 12 weeks after RPVC.
Echocardiography revealed that pressure gradients was slightly increased to 137.1  44.0 mmHg in the PAB group, but significantly decreased to 61.9  22.2 mmHg in the PAB+RPVC group at 12 weeks after RPVC (p<0.01, Table  1 ). At that time, the rates of change in pressure gradients between before and after RPVC were 108.3  22.9% and 60.5  16.7% in the PAB and PAB+RPVC groups, respectively (p<0.01, Table 1 ). Before RPVC, in the values of the RVFWd in the PAB and PAB+RPVC groups were 9.0  0.7 and 8.0  0.7 mm respectively (no significant difference). However, at 12 weeks after RPVC, RVFWd was significantly reduced in the PAB+RPVC, compared with the PAB group (8.2  0.2 vs. 9.4  0.7 mm; p<0.05, Table 1 ). The RVIAd and RVIAs did not significantly differ between the PAB and PAB+RPVC groups. However, in the PAB+RPVC group, RVIAd and RVIAs after RPVC tended to decrease between before and after RPVC. On the other hand, pulmonic insufficiency was not detected in either of the groups.
Although LVSV and RVSV did not differ between the two groups, LVSV tended to slightly increase in the PAB+RPVC compared with the PAB group, which decreased after RPVC. The Qp/LVSV (= Qp/Qs) significantly decreased in the PAB+RPVC group after RPVC (p<0.05, Table 1 ). On the other hand, cardiac output (CO) and heart rate (HR) did not significantly differ between the two groups.
Cardiac catheterization found no displacement of the band and poststenotic dilatation was evident at 12 weeks after PAB (Fig. 4A) .
Before RPVC, right ventricular systolic pressure (RVSP) did not significantly differ between the PAB and PAB+RPVC groups. However, at 12 weeks after RPVC, RVSP was significantly decreased in the PAB+RPVC, compared with the PAB group (44.0  8.5 vs. 70.6  16.1 mmHg; p<0.05, Table 1 ).
Angiography at 12 weeks after RPVC confirmed conduit patency (Fig. 4B ) and the absence of regurgitation through the valve of the conduit from the MPA (Fig. 4C) .
DISCUSSION
This is the first study to examine the effects of bioprosthetic valved conduit implantation in PS model dogs. The key benefit of RPVC is that it can proceed under the beating heart without a cardiopulmonary bypass. The valved conduit can also be adapted for dogs with various type of PS, including the rare "supra valvular PS" for which balloon dilation valvuloplasty is not recommended. Therefore, we consider that RPVC should be useful for all type of PS from a technical viewpoint.
Furthermore, RPVC confers some hemodynamic benefits. The PS model dogs developed RV pressure overload 
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13.6  6.1 14.6  4. Values are expressed as means ± SD. Significant difference compared with pulmonary artery banding (PAB) group at p<0.05 (*) and p<0.01 (**) and compared with value before RPVC at p<0.05 ( ‡ ) and at p<0.01 ( ‡ ‡ ), respectively. PG, systolic pressure gradients between right ventricle and pulmonary artery; PG-change ratio: ratio of PG change between before and 12 right ventricular internal area; RVSV, stroke volume from right ventricle; LVSV: stroke volume from left ventricle; Qp/Qs, RVSV invasion of LVSV; HR, heart rate; CO, cardiac output; RVSP, right ventricular systolic pressure. and hypertrophy, and pressure gradients as well as the hypertrophy became more evident when RPVC was not applied. These changes contributed to a decrease in RV compliance because of the severe hypertrophy that can occur after PAB [8, 18, 26] . In the present study, the pressure gradients were evaluated based on modified Bernoulli equation, given the blood flow from RV into PA considerations, the limitation of echocardiography was occurred. However, on cardiac catheterization, RVSP was also decreased in the PAB+RPVC group, it was suggested that RV pressure overload was improved by RPVC. Therefore, RPVC apparently prevented progression of the RV pressure overload, then inhibited hypertrophy and increased the RVIAd to compensate the decrease in stroke volume from the RV secondary to afterload [3, 9, 24, 29, 32] . This results indicated that RVIAs decreased in the PAB+RPVC group and after RPVC compared with an increase in the PAB group [25] . On the other hand, this indicated increased RV contractility in the PAB+RPVC group through the reduced RV afterload derived from flow through the conduit [28] . Thus, CO was maintained by the decreased HR in the PAB+RPVC group. One report indicates that CO does not differ between dogs with PAB and with released PAB, although HR slightly decreases in dogs with a decreased RV pressure overload induced by releasing PAB [23] . Therefore, this indicated that PRVC induced an increase in RVSV and LVSV.
Consequently, the stroke volume of RV was the sum of the RVSV through pulmonary valve plus flow through the conduit. Stroke volume from the RV then increased, and the volume of return flow to the LV was increased in the PAB+RPVC group. Therefore, these hemodynamics might be reflected in a decrease in Qp/Qs because the flow volume thorough pulmonary valve was decreased by the flow volume through the conduit.
Some degree of pulmonic insufficiency might be associated with current surgical techniques for PS [35] in humans, except for RPVC. The present study showed that RPVC produced excellent blood flow through the conduit. Pulmonic insufficiency did not arise because the original pulmonary arterial valve of the recipient had not been damaged during the surgery. In addition, the valve in the conduit prevented regurgitation from the MPA to the RV. Reports indicate that myocardial hypertrophy generally regresses and dilatation occurs secondarily to valvular insufficiency. In that case, exercise intolerance and signs of right-sided heart failure develop in humans with pulmonary valve insufficiency. In addition, use of a valve system is essential for a more favorable long-term prognosis [22] .
The RPVC procedure has some limitations for clinical PS patients. The RV internal area was enlarged in our PS model dogs. However, clinical patients with PS have a narrow RV internal space due to severe RV concentric hypertrophy, which might render punching out the RV and positioning on the wall difficult. Therefore, whether the present RPVC method is applicable to spontaneous PS should be investigated. The conduit remained patent in a dog that died at three weeks after RPVC and ruptures, and thrombi in the conduit or accessories to the conduit were not evident. However, the aortic valvular annulus of the conduit used in the dog was the largest (outer diameter, 13 mm) in the PAB+RPVC group. In addition, pathological finding revealed pulmonary hyperemia and haemorrhage, we considered that the cause of death was excessive volume flowing from the conduit to the pulmonary vessel, which ruptured the pulmonary vessel and caused intrathoracic hemorrhage. Therefore, the safety of RPVC is necessary to pursue. In addition, the optimal size of the conduit should be defined, since RV pressure overload in patients might be further decreased by a more suitable conduit.
In conclusion, the effectiveness of RPVC for PS model dogs was suggested in the present study. Therefore, RPVC can be adapted for supra valvular PS or PS with hypoplasia of the pulmonary valvular annulus.
